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Summary. The electrochemistry of proteins at the interface between two immiscible 
electrolyte solutions (ITIES) is discussed, with detection capabilities based on protein-
facilitated anion transfer, and which has enabled protein detection via adsorptive stripping 
voltammetry. Targeting an enzymatic biomarker has achieved detection at picomolar 
concentrations, whilst studies into structural aspects of proteins at the ITIES have revealed 
formation of oligomers (cytochrome c) and unfolded protein (lysozyme) together with 
alterations to the protein secondary structures.  
Introduction 
Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES)[1] 
provides a powerful means to harness interfacial charge transfer processes for a range of 
possible applications[2]. The behaviour of ionised biomolecules at such interfaces has been 
of interest and the interactions of proteins, in particular, with this interface opens up 
possibilities for label-free detection. This Opinion focuses on recent results pertaining to the 
understanding of protein behaviour at the ITIES and to uses of that behaviour in label-free 
detection (sensing) strategies. 
Methods for the detection of proteins are highly significant in solving societal problems in 
biological and biomedical sciences. The ability to measure protein concentrations and 
activities can be used as a means to understand important cellular processes and even to 
help in the rapid diagnosis of disease. In the latter case, certain proteins can serve as 
indicators of the disease and so detection of those proteins enables the detection of the 
disease, perhaps at an earlier stage than might be achieved if relying solely on patients’ 
physical symptoms. Such proteins are referred to as biomarkers, and the opportunity to 
detect these in a label-free manner at extremely low concentrations in complex biological 
fluids such as blood, serum and saliva opens up opportunities to contribute to disease 
diagnostics and management[3].   
Proteins at the ITIES 
Whilst the electrochemical behaviour of proteins at the ITIES has a long history, it is only in 
the last decade that significant understanding has been developed. Vanysek et al.[4] studied 
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proteins at water-nitrobenzene interfaces and found that adsorption occurred but no ion 
transfer current associated with the proteins was observed. Studies of the polypeptide 
protamine[5] revealed a direct ion transfer process attributed to the polypeptide 
transferring into the organic phase. Studies of protein behaviour at the ITIES in the presence 
of surfactants [6-9] revealed that the formation of reverse micelles in the organic phase 
could be used as a strategy to transfer proteins across the ITIES and enable their label-free 
detection. In such studies, however, Shinshi et al.[10, 11] reported an interesting control 
experiment in the surfactant-induced electrochemical extraction of proteins at the ITIES. In 
the absence of surfactant, the coloured protein cytochrome c was seen to not transfer 
across the interface, despite the presence of a substantial current response in the 
voltammogram. This transfer was attributed to the transfer of background electrolyte 
anions from the organic phase to the aqueous phase to complex with the cationic 
cytochrome c under the conditions employed[10]. Subsequent studies with a range of 
proteins at the ITIES[12-15] and microITIES[16, 17] in the absence of surfactant revealed 
that proteins can be detected as long as the pH of the aqueous phase is lower than the 
isoelectric point of the protein. This allows the anion of the organic phase to complex with 
the cationic protein, hence providing a charge transfer process can transfer across the ITIES 
to complex with the protein, and this complex adsorbs at the interface. Indeed, 
electrochemical parameters indicate also that multi-layer films of adsorbed protein are 
formed at the interface. Systematic studies of pH with a range of proteins revealed that this 
indeed was the case (lysozyme,[15] insulin,[13] haemoglobin,[12] cytochrome c,[10, 11] 
myoglobin[17], serum albumin[18]) and most recently, ferritin[19] and thrombin[20] have 
been shown to react exactly as predicted. Such behaviour has been summarised in a range 
of reviews/chapters.[21, 22] Figure 1 summarises current thinking about the nature of 
protein electrochemistry at the ITIES. Interestingly, in the recent example of ferritin 
electrochemistry at the ITIES, Sakae et al.[19] found that the protein was electroactive at 
the ITIES when present in the aqueous phase at sufficiently low pH and the electrochemistry 
was also dependent on the organic phase electrolyte. Moreover, repetitive cyclic 
voltammetric sweeps resulted in deposition of an opaque film at the interface. Using the 
example of protamine, a highly cationic polypeptide that is an antidote to heparin in surgical 
procedures, Amemiya et al recently asked the question whether this undergoes adsorption 
or transfer at a thin film gelled ITIES.[23] Previous studies at a microITIES indicated that 
protamine transferred across the liquid-liquid interface when the organic phase contained 
dinonylnaphthalenesulfonate as ionophoric recognition agent[5]. Combining experiment 
and simulation[23] they found that protamine transferred from aqueous to organic phase, 
in the presence of organic phase dinonylnaphthalenesulfonate, but that more energy was 
needed to drive the transfer than the adsorption. With tetraphenylborate anions (or its 
derivatives) in the organic phase, Trojanek et al. found that the protamine-anion pair was 
adsorbed at the aqueous side of the interface[24]. 
The direct determination of proteins can be achieved to some extent with this approach, for 
example leading to detection of albumin[18] and a range of other proteins[25, 26]. 
However, improved detection limits are achieved by exploiting the fact that proteins adsorb 
at the interface as a protein-organic anion complex. The adsorption process can be 
employed as a preconcentration step prior to voltammetric determination. This resulted in 
the adsorptive stripping voltammetric (AdSV) detection of lysozyme (30 nM),[27] 
haemoglobin (40 nM)[28] and insulin (10 nM)[29]. When combined with differential pulse 
voltammetry, AdSV enabled detection of 10 nM lysozyme[30]. These studies revealed a 
substantial build-up of protein material at the interface, which is usually gelled in the 
organic phase to promote mechanical stability and re-useability. Many monolayers of 
protein are deposited during the adsorption step[27]. Nevertheless such analytical studies 
have always indicated a selectivity problem, associated with the inability of electrochemistry 
at the ITIES to distinguish sufficiently between proteins.  
Some approaches to selectivity might be achieved by exploiting slight differences in protein 
adsorption potentials, so as to enable selective preconcentration of one protein in the 
presence of others, as exemplified by the selective detection of insulin in the presence of 
bovine serum albumen[29]. Another approach is to exploit the acid-base chemistry of 
proteins by adjusting the pH of an aqueous phase mixture so that only the target protein is 
cationic and detectable. This was demonstrated for the selective detection of amylin (rat) in 
mixture with a number of proteins, and made use of the fact that amylin’s pI was higher 
than the proteins present so that it could be detected (noting that in this case, detection 
was based on an amylin ion transfer process, not complexation with organic phase 
anion)[31].  It is anticipated that sufficient selectivity for practical applications will not be 
achieved by these approaches, but ways to harness biomolecular recognition reagents at 
the ITIES will be developed, such as the attachment of aptamers at the ITIES[20]. In this 
case, it was found that addition of a cationic surfactant to the organic phase promoted the 
adsorption of the aptamer to the ITIES as a complex with the surfactant.  
Ultrasensitive detection via the ITIES 
A key advancement in the detection of biomarker proteins via electrochemistry at the ITIES 
was achieved by exploiting catalytic (enzymatic) activity of the protein. In this case, prostate 
specific membrane antigen (PSMA) could be detected at picomolar (pM) concentrations by 
combining (Scheme 1) the analyte-catalysed reaction, in which a peptide is hydrolysed to 
release glutamate, with a second enzymatic reaction which produces protons and 
ammonium cations[32]. The facilitated ion transfer of protons at the ITIES, using the 
ionophore octadecyl isonicotinate (ETH1778), then enabled PSMA detection, by cyclic 
voltammetry or square wave voltammetry. Notable was the ability to detect PSMA, a 
biomarker for prostate cancer, at concentrations of 5.9 ng/mL (69 pM) by CV and 0.3 ng/mL 
(3.5 pM) by SWV, below the concentrations necessary for biomedical diagnostics (∼3.5 nM, 
294 ng/mL)[32]. This measurement approach opens up the prospect to detect other 
biomarkers at biomedically-relevant concentrations by relying on their catalytic activity. Of 
course, the behaviour of enzymes at the ITIES has been the subject of study for a number of 
years, as exemplified by glucose oxidase[33-37] and cholinesterases[38, 39].  
Electrochemistry of enzymes at the ITIES 
The behaviour of GOx at the ITIES has been subjected to a number of studies, due to its 
widespread use in glucose biosensing. For example, Pereira et al.[36] linked the GOx-
catalysed oxidation of glucose to the ITIES to achieve the detection of glucose, based on an 
ion transfer process. However, electron transfers have also been explored for GOx and other 
enzymes from a fundamental viewpoint rather than seeking to develop a glucose biosensor. 
Georganopoulou et al.[33] studied electron transfer between aqueous phase GOx and 
organic phase dimethylferricinium, while Mirceski et al.[37] found coupled ion-electron 
transfer reactions for GOx and decamethylferricinium in a three-phase system. GOx 
adsorption at the ITIES was reported[34, 37]. Similar observations were reported for 
fructose dehydrogenase[40], undergoing electron transfer reaction with organic phase 
dimethylferricinium, and with adsorption at the interface. Whether such reactivity can be 
exploited in an electroanalytical strategy remains to be seen, as stability of the enzyme is 
crucial to biosensor performance and the indicated adsorption will undoubtedly influence 
enzyme activity.   
What’s happening to the protein? 
In order to better understand the protein detection mechanism at the ITIES and any impact 
of that on the protein structure, a range of studies by non-electrochemical techniques have 
been undertaken. Studies confirming the complexation of cationic protein with organic 
phase anions using a quartz crystal analysis method have been reported by Ellis et al.[41]. 
Electrospray ionisation mass spectrometry (ESI-MS) in a two-phase flow system indicated 
the formation of lysozyme-organic anion complexes, as expected from the electrochemical 
responses, only when the interface was positively polarised[42]. Subsequently, the mass 
spectral characterisation of lysozyme following its electroadsorption (i.e. first step of the 
AdSV process) at an interface between liquid aqueous and gelled organic phases revealed 
the partial unfolding of this protein at the interface, using the technique of electrostatic 
spray ionisation - MS[43]. Importantly, the MS data were consistent with the formation of 
protein multi-layer films at the interface, with the protein closest to the interface being 
most unfolded and protein furthest from the interface least unfolded. The classic 
biochemical method of gel electrophoresis has also been applied to the characterisation of 
protein electroadsorbed at the ITIES, with either both phases as liquids or the organic phase 
gelled by addition of poly(vinylchloride)[44]. Specifically, electroadsorbed Cytochrome c at 
the interface was found to contain dimers and trimers as well as higher order oligomers[44].  
Protein-facilitated ion transfer may result in alterations in protein secondary structure, 
which may account, at least in part, for the formation of the dimers and oligomers detected. 
Vibrational spectroscopy, particularly Fourier transform infrared (FTIR) spectroscopy, is well 
suited to analysis of the average secondary structure of proteins that adsorb, accumulate or 
aggregate at the ITIES. Due to the inherent sensitivity of FTIR spectroscopy to the oscillating 
bond dipole associated with molecular vibrations, characteristic absorbance bands are 
observed for functional groups found in proteins. Here, the strong dipole of the carbonyl 
group of the amide bond produces an intense absorbance band (Amide I band) in the mid-
infrared spectral range (ca. 1700 – 1600 cm-1). Furthermore, the secondary structure of 
proteins is stabilised by a hydrogen-bonding network across the carbonyl group of the 
amide bonds, which in turn impacts on the frequency of the molecular vibration. As a result, 
changes in the protein secondary structure causes a shift in the position of the Amide I band 
absorbance maxima[45, 46]. Application of this strategy to a series of proteins adsorbed at 
the gelled ITIES has revealed changes in the secondary structure, specifically consistent with 
the formation of aggregated anti-parallel β-sheets[47].  
Finally, the power of computational modelling approaches to understanding the structures 
of biological systems can also be applied to characterising proteins at interfaces. In the case 
of non-polarised interfaces, i.e. at open circuit, molecular dynamics (MD) simulations have 
shown that protein interactions at organic/water interfaces can involve conformational 
changes, depending on the amino acid sequence and the secondary and tertiary structure of 
the protein, and of course the hydrophobicity of the organic phase [48, 49]. Recently we 
reported the first MD simulation study of a protein at a polarised liquid/liquid interface, in 
this case lysozyme at low pH at the water/1,2-dichloroethane interface. [50] Lysozyme was 
found to adsorb rapidly and change conformation into a multitude of unfolded states with 
similar free energies. Lysozyme was seen to interact with the organic phase through regions 
rich in non-polar amino acids (Figure 3). Exposure of hydrophobic and hydrophilic regions on 
the surface of an adsorbed protein will ultimately determine the mechanism of anion 
complexation and the subsequent pathways of ion transfer across the ITIES. 
 
Conclusion and Outlook  
The present state of protein electrochemistry at the ITIES indicates that protein 
complexation with organic phase anions and formation of adsorbed layers is a universal 
behaviour. A recent report on ferritin behaviour indicates that this is a general approach to 
protein detection. However the impact of the ion complexation, the low pH employed in 
most cases, and of interfacial adsorption in altering the protein structures has hardly been 
touched on. Some MS, IR and computational data to-date indicate that proteins unfold and 
undergo some change in secondary structure. Comprehensive studies of such systems are 
required, both in situ and ex situ, as well as linking to protein reactivity (e.g. enzymes) at the 
interface, as the foundations for new bioanalytical strategies exploiting adsorption or other 
behaviour.  
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Figures and Schemes  
 
Figure 1. Cartoon summarising protein electrochemistry at the ITIES based on facilitated ion 
transfer of the organic phase anion by cationic protein. (1) complexation of organic anion by 
aqueous phase cationic protein; (2) adsorption at the interface; (3) formation of multilayer 
film.  
 
 
Figure 2. Cyclic voltammograms of ferritin at the ITIES with aqueous phase pH as indicated. 
Ferritin concentration: 1 µM. Voltammetric sweep rate: 100 mV s−1. Reprinted from H. 
Sakae, Y. Toda, T. Yokoyama, Electrochemical behavior of ferritin at the polarized water|1,2-
dichloroethane interface, Electrochemistry Communications, vol. 90, Pages 83-86, Copyright 
(2018), with permission from Elsevier. 
  
Scheme 1. Summary of the reactions employed to detect the enzyme prostate specific 
membrane antigen (PSMA) by electrochemistry at the ITIES. 
 
 
 
Figure 3. Ribbon representation of the partially unfolded structure of lysozyme adsorbed at 
the water/1,2-dichloroethane interface. 
  
References  
Significant papers are annotated * and ** 
[1] Z. Samec, Electrochemistry at the interface between two immiscible electrolyte solutions, Pure 
and Applied Chemistry, 76 (2004) 2147-2180. 
[2] M.D. Scanlon, E. Smirnov, T.J. Stockmann, P. Peljo, Gold Nanofilms at Liquid–Liquid Interfaces: An 
Emerging Platform for Redox Electrocatalysis, Nanoplasmonic Sensors, and Electrovariable Optics, 
Chemical Reviews, 118 (2018) 3722-3751. 
[3] V. Gubala, L.F. Harris, A.J. Ricco, M.X. Tan, D.E. Williams, Point of Care Diagnostics: Status and 
Future, Analytical Chemistry, 84 (2012) 487-515. 
[4] P. Vanysek, J.D. Reid, M.A. Craven, R.P. Buck, Properties of the interface between two immiscible 
electrolytes in the presence of proteins Journal of the Electrochemical Society, 131 (1984) 1788-
1792. 
 * first report on protein electrochemistry at the ITIES, focused on adsorption. 
 
[5] S. Amemiya, X.T. Yang, T.L. Wazenegger, Voltammetry of the phase transfer of polypeptide 
protamines across polarized liquid/liquid interfaces, Journal of the American Chemical Society, 125 
(2003) 11832-11833. 
 * first report of an ion transfer current at the ITIES associated with a polypeptide; this 
opened up the possibility for polypeptide and protein detection by voltammetry at the ITIES. 
 
[6] M.Y. Vagin, E.V. Malyh, N.I. Larionova, A.A. Karyakin, Spontaneous and facilitated micelles 
formation at liquid vertical bar liquid interface: towards amperometric detection of redox inactive 
proteins, Electrochemistry Communications, 5 (2003) 329-333. 
[7] M.Y. Vagin, S.A. Trashin, G.P. Karpachova, N.L. Klyachko, A.A. Karyakin, Protein extracting 
electrodes: Insights in the mechanism, Journal of Electroanalytical Chemistry, 623 (2008) 68-74. 
[8] M.Y. Vagin, S.A. Trashin, S.Z. Ozkan, G.P. Karpachova, A.A. Karyakin, Electroactivity of redox-
inactive proteins at liquid/liquid interface, Journal of Electroanalytical Chemistry, 584 (2005) 110-
116. 
[9] S. O'Sullivan, D.W.M. Arrigan, Impact of a Surfactant on the Electroactivity of Proteins at an 
Aqueous-Organogel Microinterface Array, Analytical Chemistry, 85 (2013) 1389-1394. 
[10] M. Shinshi, T. Sugihara, T. Osakai, M. Goto, Electrochemical extraction of proteins by reverse 
micelle formation (vol 22, pg 5937, 2006), Langmuir, 22 (2006) 8614-8614. 
[11] M. Shinshi, T. Sugihara, T. Osakai, M. Goto, Electrochemical Extraction of Proteins by Reverse 
Micelle Formation, Langmuir, 22 (2006) 5937-5944. 
 ** first report of the protein-anion interaction as a detection mechanism at the ITIES, 
revealing the possibility of a generic detection method for proteins. 
 
[12] G. Herzog, V. Kam, D.W.M. Arrigan, Electrochemical behaviour of haemoglobin at the 
liquid/liquid interface, Electrochimica Acta, 53 (2008) 7204-7209. 
[13] F. Kivlehan, Y.H. Lanyon, D.W.M. Arrigan, Electrochemical study of insulin at the polarized liquid-
liquid interface, Langmuir, 24 (2008) 9876-9882. 
[14] G. Herzog, W. Moujahid, J. Strutwolf, D.W.M. Arrigan, Interactions of proteins with small ionised 
molecules: electrochemical adsorption and facilitated ion transfer voltammetry of haemoglobin at 
the liquid vertical bar liquid interface, Analyst, 134 (2009) 1608-1613. 
[15] M.D. Scanlon, E. Jennings, D.W.M. Arrigan, Electrochemical behaviour of hen-egg-white 
lysozyme at the polarised water/1,2-dichloroethane interface, Physical Chemistry Chemical Physics, 
11 (2009) 2272-2280. 
 * first systematic study of lysozyme at the ITIES, inclduing comprehensive pH study, 
revealing that a pH below the protein's isoelectric point is crucial for detection.  
 
[16] M.D. Scanlon, J. Strutwolf, D.W.M. Arrigan, Voltammetric behaviour of biological 
macromolecules at arrays of aqueous vertical bar organogel micro-interfaces, Physical Chemistry 
Chemical Physics, 12 (2010) 10040-10047. 
[17] S. O'Sullivan, D.W.M. Arrigan, Electrochemical behaviour of myoglobin at an array of 
microscopic liquid-liquid interfaces, Electrochimica Acta, 77 (2012) 71-76. 
[18] R. Matsui, T. Sakaki, T. Osakai, Label-Free Amperometric Detection of Albumin with an 
Oil/Water-type Flow Cell for Urine Protein Analysis, Electroanalysis, 24 (2012) 1164-1169. 
[19] H. Sakae, Y. Toda, T. Yokoyama, Electrochemical behavior of ferritin at the polarized water|1,2-
dichloroethane interface, Electrochemistry Communications, 90 (2018) 83-86. 
[20] B.M.B. Felisilda, D.W.M. Arrigan, Electroactivity of Aptamer at Soft Microinterface Arrays, 
Analytical Chemistry, 90 (2018) 8470-8477. 
[21] D.W.M. Arrigan, Voltammetry of proteins at liquid-liquid interfaces, Annual Reports on the 
Progress of Chemistry 2013, Vol 109, Section C: Physical Chemistry, 109 (2013) 167-188. 
[22] D.W.M. Arrigan, G. Herzog, M.D. Scanlon, J. Strutwolf, Bioanalytical applications of 
electrochemistry at liquid-liquid micro-interfaces, in: A.J. Bard, C.G. Zoski (Eds.) Electroanalytical 
Chemistry, A Series of Advances, CRC Press, Boca Raton, 2013, pp. 105-178. 
[23] M.B. Garada, B. Kabagambe, S. Amemiya, Extraction or Adsorption? Voltammetric Assessment 
of Protamine Transfer at Ionophore-Based Polymeric Membranes, Analytical Chemistry, 87 (2015) 
5348-5355. 
[24] A. Trojanek, J. Langmaier, E. Samcova, Z. Samec, Counterion binding to protamine polyion at a 
polarised liquid-liquid interface, Journal of Electroanalytical Chemistry, 603 (2007) 235-242. 
 ** comprehensive assessment of polypeptide protamine interactions with typical anions 
used in organic phase electrolyte solutions.  
 
[25] T. Osakai, A. Shinohara, Electrochemical aspects of the reverse micelle extraction of proteins, 
Analytical Sciences, 24 (2008) 901-906. 
[26] T. Osakai, Y. Yuguchi, E. Gohara, H. Katano, Direct Label-free Electrochemical Detection of 
Proteins Using the Polarized Oil/Water Interface, Langmuir, 26 (2010) 11530-11537. 
[27] E. Alvarez de Eulate, D.W.M. Arrigan, Adsorptive Stripping Voltammetry of Hen-Egg-White-
Lysozyme via Adsorption–Desorption at an Array of Liquid–Liquid Microinterfaces, Analytical 
Chemistry, 84 (2012) 2505-2511. 
 ** report detailing the benefit of using the adsorption of protein at the ITIES as a 
preconcentration step for protein detection by adsorptive stripping voltammetry. 
 
[28] E. Alvarez de Eulate, L. Serls, D.M. Arrigan, Detection of haemoglobin using an adsorption 
approach at a liquid–liquid microinterface array, Analytical and Bioanalytical Chemistry, 405 (2012) 
3801-3806. 
[29] S. O'Sullivan, E.A. de Eulate, Y.H. Yuen, E. Helmerhorst, D.W.M. Arrigan, Stripping voltammetric 
detection of insulin at liquid-liquid microinterfaces in the presence of bovine albumin, Analyst, 138 
(2013) 6192-6196. 
[30] B.M.B. Felisilda, E. Alvarez de Eulate, D.W.M. Arrigan, Investigation of a solvent-cast organogel 
to form a liquid-gel microinterface array for electrochemical detection of lysozyme, Analytica 
Chimica Acta, 893 (2015) 34-40. 
[31] E. Alvarez de Eulate, S. O'Sullivan, S. Fletcher, P. Newsholme, D.W.M. Arrigan, Ion-Transfer 
Electrochemistry of Rat Amylin at the Water-Organogel Microinterface Array and Its Selective 
Detection in a Protein Mixture, Chemistry-an Asian Journal, 8 (2013) 2096-2101. 
[32] R. Akter, D.W.M. Arrigan, Detection of Prostate Specific Membrane Antigen at Picomolar Levels 
Using Biocatalysis Coupled to Assisted Ion Transfer Voltammetry at a Liquid-Organogel 
Microinterface Array, Analytical Chemistry, 88 (2016) 11302-11305. 
 * first report revealing picomolar detection of a protein biomarker at the ITIES, based on the 
catalytic activity of that protein, prostate specific membrane antigen. 
 
[33] D.G. Georganopoulou, D.J. Caruana, J. Strutwolf, D.E. Williams, Electron transfer mediated by 
glucose oxidase at the liquid/liquid interface, Faraday Discussions, 116 (2000) 109-118. 
[34] D.G. Georganopoulou, D.E. Williams, C.M. Pereira, F. Silva, T.J. Su, J.R. Lu, Adsorption of glucose 
oxidase at organic-aqueous and air-aqueous interfaces, Langmuir, 19 (2003) 4977-4984. 
[35] T. Sugihara, H. Hotta, T. Osakai, Electrochemical control of glucose oxidase-catalyzed redox 
reaction using an oil/water interface, Physical Chemistry Chemical Physics, 6 (2004) 3563-3568. 
[36] C.M. Pereira, J.M. Oliveira, R.M. Silva, F. Silva, Amperometric glucose biosensor based on 
assisted ion transfer through gel-supported microinterfaces, Analytical Chemistry, 76 (2004) 5547-
5551. 
[37] V. Mirceski, B. Mitrova, V. Ivanovski, N. Mitreska, A. Aleksovska, R. Gulaboski, Studying the ion 
transfer across liquid interface of thin organic-film-modified electrodes in the presence of glucose 
oxidase, Journal of Solid State Electrochemistry, 19 (2015) 2331-2342. 
[38] P. Vanysek, M. Behrendt, Investigation of acetylcholine, choline and acetylcholinesterase at the 
interface of the 2 immiscible electrolye solutions Journal of Electroanalytical Chemistry, 130 (1981) 
287-292. 
[39] P.D. Beattie, P.P. Infelta, H.H. Girault, Determination of butyrylcholinesterase inhibition using 
ion transfer across the interface between 2 immiscible liquids, Analytical Chemistry, 66 (1994) 52-57. 
[40] Y. Sasaki, T. Sugihara, T. Osakai, Electron transfer mediated by membrane-bound D-fructose 
dehydrogenase adsorbed at an oil/water interface, Analytical Biochemistry, 417 (2011) 129-135. 
[41] J.S. Ellis, S.Q. Xu, X. Wang, G. Herzog, D.W.M. Arrigan, M. Thompson, Interaction of surface-
attached haemoglobin with hydrophobic anions monitored by on-line acoustic wave detector, 
Bioelectrochemistry, 79 (2010) 6-10. 
[42] R.A. Hartvig, M.A. Mendez, M. van de Weert, L. Jorgensen, J. Ostergaard, H.H. Girault, H. Jensen, 
Interfacial complexes between a protein and lipophilic ions at an oil-water interface, Analytical 
Chemistry, 82 (2010) 7699-7705. 
[43] E. Alvarez de Eulate, L. Qiao, M.D. Scanlon, H.H. Girault, D.W.M. Arrigan, Fingerprinting the 
tertiary structure of electroadsorbed lysozyme at soft interfaces by electrostatic spray ionization 
mass spectrometry, Chemical Communications, 50 (2014) 11829-11832. 
 * preliminary mass  
 
[44] E. Alvarez de Eulate, S. O'Sullivan, D.W.M. Arrigan, Electrochemically Induced Formation of 
Cytochrome c Oligomers at Soft Interfaces, ChemElectroChem, 4 (2017) 898-904. 
[45] A. Dong, P. Huang, W.S. Caughey, Protein secondary structures in water from second-derivative 
amide I infrared spectra, Biochemistry, 29 (1990) 3303-3308. 
[46] W.K. Surewicz, H.H. Mantsch, D. Chapman, Determination of protein secondary structure by 
Fourier transform infrared spectroscopy: A critical assessment, Biochemistry, 32 (1993) 389-394. 
[47] S.G. Booth, B.M.B. Felisilda, E. Alvarez de Eulate, O.J.R. Gustafsson, R.A.W. Dryfe, M.J. Hackett, 
D.W.M. Arrigan, unpublished, (2018). 
[48] D.L. Cheung, Adsorption and conformations of lysozyme and α -lactalbumin at a water-octane 
interface, Journal of Chemical Physics, 147 (2017). 
[49] D. Zare, J.R. Allison, K.M. McGrath, Molecular Dynamics Simulation of β-Lactoglobulin at 
Different Oil/Water Interfaces, Biomacromolecules, 17 (2016) 1572-1581. 
[50] M. Arooj, N.S. Gandhi, C.A. Kreck, D.W.M. Arrigan, R.L. Mancera, Adsorption and Unfolding of 
Lysozyme at a Polarized Aqueous-Organic Liquid Interface, Journal of Physical Chemistry B, 120 
(2016) 3100-3112. 
 
